INTRODUCTION
Transglutaminase (TGase) is a Ca# + -dependent enzyme which catalyses the post-translational modification of proteins through the formation of γ-glutamyl-ε-lysine isopeptides [1, 2] . This enzyme is widely distributed in various mammalian tissues and catalyses the modification of many cellular proteins [1, 2] . Actin, which is a prominent component of the cytoskeleton in mammalian cells, is a good substrate for TGase in itro [3, 4] . However, the physiological effects of TGase on the functions of actin remain unknown. It has been reported that actin is associated with high-affinity binding sites of the epidermal growth factor (EGF) receptor [5] [6] [7] [8] , and a subclass of high-affinity EGF receptors contributes to activation of the EGF-receptor signaltransduction cascade [9, 10] . These findings raise the possibility that modification of actin affects the binding affinity of highaffinity EGF receptor, resulting in alteration of the EGF-receptor signal-transduction cascade. As actin is a good substrate for TGase [3, 4] , this enzyme may regulate the EGF-receptor signaltransduction cascade through modification of actin.
Recently, we reported the disappearance of high-affinity EGF receptor in the Ca# + -pretreated liver membrane [11] and demonstrated reduction in affinity of EGF receptor by modification of actin with TGase in itro [12] . However, it remains unclear whether these results obtained in itro are relevant physiologically. Therefore, further detailed studies using whole-cell systems are necessary to explain the physiological role of TGase on the growth signal of EGF.
In the present study, we investigated the effect of EGF on TGase activity in primary cultured rat hepatocytes, and found that the EGF-induced increase in de no o synthesis of TGase and the inhibition of TGase synthesis increased the ratios of S-and G # \M-phase cells. These results suggest that the EGF-induced
Abbreviations used : TGase, transglutaminase ; EGF, epidermal growth factor ; MDC, monodansylcadaverine ; dU, iododeoxyuridine ; SSC, 150 mM NaCl/15 mM sodium citrate.
‡ To whom correspondence should be addressed.
blotting analysis indicated that EGF increased the expression of TGase mRNA. Pretreatment of cells with MDC additionally increased EGF-induced DNA-synthesis and the ratio of cells in S-phase. TGase antisense oligonucleotide inhibited de no o synthesis of TGase, resulting in increases in the ratios of S-and G # \M-phase cells in the presence of EGF. This effect was the result of inhibition of EGF-induced down-regulation of highaffinity receptor expression. These results suggest that the EGFinduced increase in TGase activity is a negative regulator of a growth signal in rat hepatocytes.
increase in TGase activity is a negative regulator of a growth signal in hepatocytes. 
MATERIALS AND METHODS

Materials
Treatment of hepatocytes with EGF
Rat hepatocytes were prepared as described previously [13] . Isolated hepatocytes (3i10& cells\ml) were plated in 35-mm or 60-mm collagen-coated culture dishes (Corning, NY, U.S.A.). After 3 h of incubation in Williams' medium E (Flow Laboratories, North Ryde, Australia) containing 10 % (v\v) fetal calf serum, the culture medium was replaced with serum-free medium containing 10 −* M insulin, 10 −* M dexamethasone and 0.1 µg\ml aprotinin. After 16 h of incubation, hepatocytes were incubated in culture medium containing EGF for the indicated time periods.
Measurement of TGase activity
After the indicated time periods of incubation, the culture medium was removed and the cells were scraped with a rubber policeman. Scraped cells were homogenized with Ca# + -, Mg# + -free Hanks balanced salt solution containing 10 mM Hepes (pH 7.4), 1 mM EGTA, 10 µg\ml aprotinin, 10 µg\ml chymostatin, 10 µg\ml bestatin and 10 µg\ml pepstatin (HBSS buffer). The homogenates were centrifuged for 10 min at 20 000 g. Aliquots of the resultant supernatants were used for the TGase assay. TGase activity was assayed by the incorporation of ["%C]putrescine into N,N-dimethylcasein using the filter paper technique as described previously [11] and expressed as nmol of ["%C]putrescine incorporated into N,N-dimethylcasein\min per mg of protein.
Putrescine incorporation assay
Hepatocytes were incubated with 17 nM EGF for the time periods indicated. ["%C]Putrescine (10 µM) was added to the culture medium 1 h prior to termination of incubation with EGF. After the incubation, the cells were washed with 20 mM PBS (pH 7.4), and fixed with 10 % trichloroacetic acid and solubilized in 1 M NaOH. The radioactivity of ["%C]putrescine incorporated into proteins was measured using a liquid scintillation counter.
Northern blot analysis
RNA was isolated and purified by the guanidinium thiocyanatephenol-chloroform method [14] using oligo(dT)-latex. RNA samples (5 µg) were separated by electrophoresis on 1 % agarose gels containing 0.66 M formaldehyde and transferred on to positively charged nylon membranes (Amersham) for 16 h. λ-Eco T14 digest (Takara Shuzo Co., Otsu, Japan) was used as a size marker. Equivalent loading of samples was verified by hybridization with a probe for rat β-actin (Clontech Laboratories, Palo Alto, CA, U.S.A.). An 87-mer oligonucleotide probe was synthesized from a guinea-pig liver TGase cDNA (bp 860-946) [15] . Probes were labelled with [γ-$#P]ATP using a 5h endlabelling kit (Megalabel, Takara), and hybridization with the $#P-labelled probes was performed in a rapid hybridization system (Amersham). The membranes were washed twice with 2iSSC (1iSSC : 150 mM NaCl and 15 mM sodium citrate) for 10 min, and twice with 0.2iSSC containing 0.1 % SDS for 30 min at room temperature. The membranes were exposed to Xray film with intensifying screens at k80 mC.
Pretreatment of hepatocytes with MDC, sense or antisense oligodeoxynucleotide
Hepatocytes were pretreated with the indicated concentrations of MDC for 30 min. After the cells were washed three times with serum-free medium, EGF was then added. The cells were subjected to Scatchard analysis, assay of DNA synthesis or cell cycle analysis after 6 h, 24 h or 30 h respectively.
Antisense or sense phosphothioate oligodeoxynucleotides (17-mers) were designed to symmetrically cover the catalytically active region of guinea-pig liver TGase [15] (antisense : 5h-ACCCAGCACTGGCCGTA-3h and sense : 5h-TACGGCCAG-TGCTGGGT-3h). After incubation of hepatocytes for 3 h, the culture medium was replaced with serum-free medium containing antisense or sense oligonucleotide (10 or 30 µM). After incubation for 16 h, EGF (17 nM) was added to the culture medium. The cells were subjected to TGase assay, Scatchard analysis or cell cycle analysis after 6 h, 6 h or 30 h respectively.
Assay of DNA synthesis
DNA synthesis in primary cultured hepatocytes was determined by the method of Mizuno et al. [16] . After the addition of 17 nM EGF (24 h), the cells were pulse-labelled with 74 kBq\ml of ["#&I]dU for 6 h. The cells were washed with 20 mM PBS (pH 7.4) and solubilized in 1 M NaOH. The radioactivity incorporated into DNA was measured using a well-type γ-counter. As a control, pulse-labelling was performed in the presence of 10 µg\ml aphidicolin. The control value was subtracted from each value and net ["#&I]dU incorporation into DNA was obtained.
Cell cycle analysis
After incubation of MDC-, sense-or antisense-pretreated hepatocytes for 30 h with 17 nM EGF, the cell cycle was analysed using Cycle TEST (Becton Dickinson, Lincoln Park, NJ, U.S.A.). Briefly, the cell membranes were digested with trypsin for 10 min at room temperature. Digestion was stopped by adding a trypsin inhibitor, and RNA was digested by ribonuclease A for 10 min at room temperature. DNA in the cells was then stained by propidium iodide and analysed by FACScan (Becton Dickinson).
Scatchard plot analysis
After incubation of MDC-, sense-or antisense-pretreated hepatocytes for 6 h with 17 nM EGF, the EGF receptors of these cells were examined by Scatchard plot analysis as described previously [17] .
RESULTS
EGF-induced TGase activity
In the cytosolic fraction from hepatocytes, TGase activity increased gradually and reached a maximum 6 h after the addition of 17 nM EGF (Figure 1a ). The increased TGase activity of EGF-treated cells returned to the control level at 12 h (Figure 1a) . Similarly, putrescine incorporation into cellular proteins was increased at 6 h after the addition of 17 nM EGF (Figure 1b) . The increase in putrescine incorporation disappeared when the cells were pretreated with MDC, a specific TGase inhibitor [18] (Figure 1b) , indicating that putrescine incorporation was catalysed by TGase. In the untreated cells, putrescine incorporation did not change (Figure 1b) .
Effect of EGF on TGase synthesis
EGF enhanced cytosolic TGase activity in a dose-dependent manner (Figure 2a ). This increase in TGase activity was completely blocked by 30 µM cycloheximide (Figure 2a) , suggesting that EGF enhances de no o synthesis of TGase. Northern blotting analysis supported this suggestion. EGF increased TGase mRNA expression in a dose-dependent manner at 6 h after its addition (Figure 2b ). In contrast, the expression of β-actin mRNA was not affected by EGF (Figure 2b ). These results indicated that the EGF-induced increase in TGase activity was the result of an increase in de no o synthesis of TGase.
Effect of MDC on cell growth
It was of interest to determine whether TGase functions in transducing the growth-promoting signal of EGF. We studied the effects of pretreatment with MDC on EGF-induced DNA synthesis. EGF increased DNA synthesis to 15-fold of control cells (Table 1) . Interestingly, pretreatment with MDC additionally increased EGF-induced DNA synthesis in a dose-dependent manner, while the pretreatment did not affect DNA synthesis in control cells (Table 1) . Furthermore, we analysed the cell cycle of EGF-stimulated hepatocytes pretreated with MDC. EGF increased the ratio of hepatocytes in S-phase to 2-fold that of untreated cells (Table 2) . Pretreatment with MDC did not affect the cell cycle of untreated hepatocytes (Table 2 ). In EGFstimulated cells, the pretreatment with MDC obviously increased the ratio of S-phase cells ( Table 2) .
Effects of sense and antisense oligonucleotides on cell growth
The cells were exposed prior to growth stimulation by EGF to sense or antisense phosphothioate oligodeoxynucleotides (bp 888-905) to inhibit the synthesis of TGase. When added to the culture medium of quiescent cells 16 h before growth stimulation by EGF, the antisense oligomer inhibited the EGF-induced increase in TGase activity in a dose-dependent manner (Table 3) . In contrast, the sense oligomer had no effect on TGase activity of EGF-stimulated cells (Table 3) . Neither the antisense nor the sense oligonucleotide affected the cell cycle of quiescent cells (Table 2 ). In the EGF-treated cells, the ratio of S-phase cells increased in the presence of the antisense oligonucleotide, similarly to pretreatment with MDC (Table 2) . Furthermore, the antisense oligonucleotide also increased the ratio of G # \M-phase
Figure 2 EGF induces de novo synthesis of TGase in primary cultured hepatocytes
(a) Effects of cycloheximide on EGF-induced TGase activity ; hepatocytes were treated with EGF at the indicated concentrations for 6 h in the absence or presence of 30 µM cycloheximide. Each point represents the meanpS.E.M. of three samples. (b) Northern blotting analysis of TGase expression in EGF-treated cells ; after hepatocytes were treated with or without EGF for 6 h, Northern blotting was performed as described in the Materials and methods section. RNA samples (5 µg) were separated by electrophoresis on 1 % agarose gels containing 0.66 M formaldehyde and transferred on positively charged nylon membranes for 16 h. λ-Eco T14 digest was used as a size marker. Equivalent loading of samples was verified by hybridization with a probe for rat β-actin. An 87-mer oligonucleotide probe was synthesized from guinea-pig liver transglutaminase cDNA [15] . Abbreviation : PUT, putrescine.
cells in the EGF-treated hepatocytes (Table 2 ). In contrast, the sense oligonucleotide had no effect on the cell cycle ( Table 2) .
Effects of sense and antisense oligonucleotides on the highaffinity EGF receptor
A Scatchard plot of the binding data for EGF in hepatocytes was curvilinear and yielded two apparent dissociation constants of high-and low-affinity binding sites (Table 4 ). The high-affinity EGF receptor expression was down-regulated and completely disappeared 6 h after the addition of EGF (Table 4) . In this case, a Scatchard plot indicated a straight line and B Max. or K D of the high-affinity receptor were not detected (indicated as ' ND ' in Table 4 ). However, the addition of EGF did not affect B Max. or K D of the low-affinity receptor (Table 4) . When added to the culture medium of quiescent cells 16 h before growth stimulation by EGF, the antisense oligomer inhibited the EGF-induced down-regulation of high-affinity-receptor expression (Table 4) . A similarly effect was obtained by pretreatment with MDC for 30 min (Table 4 ). In contrast, the sense oligonucleotide did not affect B Max. or K D of the receptor (Table 4) .
DISCUSSION
In the present study, EGF increased the cytosolic TGase activity within 6 h in primary cultured rat hepatocytes. Moreover, this EGF-induced TGase could catalyse the intracellular crosslinkage and increase the incorporation of putrescine (a TGase substrate) into cellular proteins. This indicates that EGF-induced TGase is biologically active. Cycloheximide completely blocked the increase in TGase activity, suggesting that EGF stimulated de no o synthesis of TGase. Northern blotting analysis also indicated that EGF increased the expression of TGase mRNA. The present findings provide the first evidence that EGF induces de no o synthesis of TGase in adult rat hepatocytes. Putrescine incorporation into proteins of EGF-stimulated cells was not observed in those cells pretreated with MDC, a specific TGase inhibitor [18] , suggesting that MDC inhibited the TGase-
Table 2 Effect of MDC or the antisense oligonucleotide on the cell cycle of primary cultured hepatocytes
Phase of cell cycle (%) * Hepatocytes were pretreated with 0.5 mM MDC for 30 min. Thirty hours after EGF (17 nM) was added to the culture medium, the cells were subjected to cell cycle analysis. **After incubation of hepatocytes for 3 h, the medium was replaced with serum-free medium containing antisense or sense oligomers (10 or 30 µM). After incubation for 16 h, EGF (17 nM) was added to the culture medium. The cells were subjected to cell cycle analysis after 30 h. Each value is the meanpS.E.M. of four samples.
a Significantly different from ' EGF (k)' (P 0.01). b Significantly different from ' Control ' (P 0.05). It is known that a subclass of high-affinity EGF receptors contributes to the activation of the EGF-receptor signaltransduction cascade [9, 10] and that only the high-affinity EGF binding site is associated with the cytoskeleton [5] [6] [7] [8] . Previously, we showed that TGase decreased the binding of EGF to the highaffinity receptor in isolated liver membranes through modification of actin [11, 12] . These observations raise the possibility that newly synthesized TGase induces the down-regulation of highaffinity EGF-receptor expression and decreases the growth signal of EGF. Indeed, the present results showed that inhibition of TGase synthesis by the antisense oligonucleotide resulted in the inhibition of EGF-induced down-regulation of high-affinityreceptor expression in the cultured hepatocytes, supporting the mechanism suggested above.
In previous immunofluorescence studies, EGF was observed to stimulate the polymerization of cellular actin, and polymerized
Table 4 Effect of the antisense oligonucleotide or MDC on high-affinity EGF receptor in primary cultured hepatocytes
Incubation with the antisense oligonucleotide or MDC pretreatment was performed as described in the footnote for Table 2 . Six hours after EGF (17 nM) was added to the culture medium, Scatchard analyses were performed as described previously [17] . Each value is the meanpS.E.M. of three samples. ND, not detected. actin is associated with EGF receptors [19, 20] . Furthermore, Takashi [4] reported that the polymerization rate of TGasetreated actin was greater and the critical concentration for polymerization was less than for intact actin in itro. Combining the results of these reports with our previous observations that TGase-modified actin was associated with EGF receptors and decreased the binding of EGF, it is suggested that EGF-induced newly synthesized TGase negatively regulates the growth signal of EGF by down-regulation of high-affinity receptor through stimulation of actin polymerization. It has been reported that intracellular TGase may be involved in the suppression of cell growth. Birckbichler et al. [21] proposed a model in which an increase in formation of TGase-catalysed isopeptide bonds in cells causes a shift from the proliferative to non-proliferative state. Piacentini et al. [22] reported that the induction of TGase synthesis and the formation of TGasecatalysed isopeptide bonds were directly correlated with the formation of apoptotic bodies. Furthermore, Melino et al. [23] demonstrated that the overexpression of TGase resulted in a drastic reduction in the proliferative capacity of cells. However, the TGase-related mechanism by which growth suppression is induced remains unknown. Furthermore, the increases in TGase activity induced by EGF were demonstrated in other cell types, but these previous reports did not explain the role of TGase on EGF-mediated growth signal [22, 24] . Therefore, the present results are important for elucidation of the mechanism of growth suppression.
In the present study, we demonstrated that EGF increased TGase activity in primary cultured hepatocytes, and the newly synthesized TGase negatively regulated the growth signal of EGF through down-regulation of high-affinity receptor, possibly the result of modification of EGF-receptor-associated actin. The present results suggest that the response of TGase to EGF may provide a general system for down-regulation of cell growth.
